Pharmacological modulation of autophagy has been referred to as a promising therapeutic strategy for cancer. Matrine, a main alkaloid extracted from Sophora flavescens Ait, has antitumour activity against acute myelocytic leukaemia (AML). Whether autophagy is involved in antileukaemia activity of matrine remains unobvious. In this study, we demonstrated that matrine inhibited cell viability and colony formation via inducing apoptosis and autophagy in AML cell lines HL-60, THP-1 and C1498 as well as primary AML cells. Matrine promoted caspase-3 and PARP cleavage dose-dependently. Matrine up-regulated the level of LC3-II and down-regulated the level of SQSTM1/p62 in a dose-dependent way, indicating that autophagy should be implicated in anti-AML effect of matrine. Furthermore, the autophagy inhibitor bafilomycin A1 relieved the cytotoxicity of matrine by blocking the autophagic flux, while the autophagy promoter rapamycin enhanced the cytotoxicity of matrine. Additionally, matrine inhibited the phosphorylation of Akt, mTOR and their downstream substrates p70S6K and 4EBP1, which led to the occurrence of autophagy. In vivo study demonstrated that autophagy was involved in antileukaemia effect of matrine in C57BL/6 mice bearing murine AML cell line C1498, and the survival curves showed that mice did benefit from treatment with matrine. Collectively, our findings indicate that matrine exerts antitumour effect through apoptosis and autophagy, and the latter one might be a potential therapeutic strategy for AML.
Introduction
Acute myeloid leukaemia (AML) is a clonal haematopoietic disorder resulting from multiple genetic and epigenetic lesions affecting differentiation, proliferation and apoptosis [1] . In particular, elevated expression of anti-apoptotic molecules is a major mechanism of pathogenicity and chemotherapy resistance [2] . Three main apoptotic pathways identified, including mitochondrial pathway, death receptor pathway and endoplasmic reticulum stress pathway, ultimately converge on the executive enzyme caspase-3, and the activation of caspase-3 leads to the activation of poly-ADP-ribose polymerase (PARP) [3] .
Another type of cell death named autophagy is often confused with apoptosis. Autophagy is a self-degradation process characterized by formation of double-membrane vesicles called autophagosomes, which sequester excess or defective organelles and then fuse with lysosomes for degradation of enclosed materials [4] . Multiple autophagic adapters, like SQSTM1/p62, are selectively degraded by autophagy and able to act as cargo receptors to directly interact with autophagosomal marker protein LC3 for efficient selective autophagy [5] . Several signalling pathways, such as PI3K/Akt/mTOR/p70S6K pathway, have been demonstrated to be involved in the regulation of autophagy [6] [7] [8] .
Generally, autophagy blocks the induction of apoptosis, and the activation of apoptosis-associated molecules hinders the autophagic process [9] . However, in some cases, autophagy degrades the cytoplasm excessively, leading to the autophagic cell death [10] . In haematologic malignancies, autophagy, either acts as a chemoresistance mechanism or tumour-suppressive function, might have broad applications to improve clinical outcome [11] .
Matrine, a quinolizidine alkaloid that has been widely used to treat viral hepatitis, cardiac arrhythmia and skin inflammations, exhibits chemotherapeutic potential through its ability to trigger caspase-independent program cell death [12] . In our previous studies, we have found that matrine can be used in haematologic malignancies to induce cell apoptosis [13, 14] . Although autophagy induction or inhibition has been reported to be implicated in the antitumour activity of matrine against several solid tumours [15] [16] [17] , the role of autophagy and the underlying mechanism remain unobvious in AML.
In this study, we demonstrated that matrine solely induced both autophagy and apoptosis dose-dependently in AML cells in vitro. After treatment in combination with rapamycin, apoptosis had been enhanced, while with bafilomycin A1 (Baf A1), the level of apoptosis decreased, suggesting that matrine-induced autophagy promotes apoptosis. Finally, matrine alleviated tumour burden in a murine AML model, suggesting autophagy might play a crucial role.
Materials and methods

AML cell lines and primary AML cells
Human AML cell lines HL-60 and THP-1 (Cell Bank of Chinese Academy of Sciences, Shanghai, China) were cultured in RPMI 1640 containing 10% foetal bovine serum (FBS; Gibco, Grand Island, NY, USA). Murine AML cell line C1498 (Cell Bank of Chinese Academy of Sciences) was cultured in DMEM medium (Gibco) with 10% FBS. A total of 17 patients with newly diagnosed AML according to the World Health Organization classification system were enrolled in this study in our centre. Primary AML cells were isolated from bone marrow aspirates by Ficoll-Hypaque Solution (Haoyang Institute of Biotechnology, Tianjin, China) and then cultured in RPMI 1640 containing 15% FBS. This study was approved by the Institutional Review Board of the First Affiliated Hospital of Wenzhou Medical University, and informed consent was obtained from all participants in accordance with the Declaration of Helsinki protocol. All the cells were grown at 37°C in a 5% CO 2 atmosphere incubator.
Cell viability assay
AML cell lines HL-60, THP-1 and C1498 as well as primary AML cells were seeded in 96-well plates at a density of 8 9 10 3 cells/well and treated with various doses of matrine (Tianyuan Biological Agent Plant, Xi'an, Shanxi, China) with or without 10 nM Baf A1 (Meilun Biological Agent Plant, Dalian, Liaoning, China) or 20 nM rapamycin (Selleck Chemicals, Houston, TX, USA) or 10 lM z-VAD-FMK (Selleck Chemicals). After 12, 24 or 48 hrs, cell viability was measured using the Cell Counting Kit-8 (CCK-8) assay (Dojindo, Kumamoto, Japan) according to the manufacturer's instruction. The absorbance was measured at 450 nm using an ELISA reader (Elx 800; Bio-Tek Instruments, Winooski, VT, USA).
Colony formation assay
AML cells were diluted and seeded at about 1 9 10 4 cells/well in 35-mm dishes with or without matrine (1.5 g/l) in methylcellulose medium (MethoCult TM H4034, Stemcell Technologies, Vancouver, BC, Canada). After incubation for 8 days in a 5% CO 2 atmosphere incubator at 37°C, the cells were examined using an inverted microscope (Olympus, Tokyo, Japan) equipped with a CCD camera. The colony is defined to consist of at least 40 cells, and visible colonies were counted. Cells were then washed with PBS twice and counted using haemocytometer.
Western blot assay
Western blot analysis was performed as previously described [18] . Briefly, after treatment with different concentrations of matrine, the cells were collected and lysed immediately using RIPA Lysis Buffer (Beyotime Institute of Biotechnology, Haimen, China) containing PMSF and Halt protease and phosphatase inhibitor cocktail (Pierce, Rockford, IL, USA). Protein concentration was measured using BCA protein assay kit (Beyotime Institute of Biotechnology). The protein was boiled and subjected to Western blot with antibodies against LC3 II, SQSTM1/p62, PARP, caspase-3, phospho-Akt (Ser473), Akt, phosphomTOR (Ser2448), mTOR, phospho-p70S6K (Thr389), p70S6K, phospho-4EBP1 (Thr37/46), 4EBP1 or b-actin (all from Cell Signaling Technology, Beverly, MA, USA), respectively. Optical densities of the bands were analysed with Bio-Rad image analysis (Bio-Rad, Hercules, CA, USA).
Apoptosis assay and cell cycle assay AML cells were exposed to various doses of matrine with or without Baf A1 and rapamycin for 24 hrs in 24-well plates at a density of 2 9 10 5 cells/well. Then, apoptosis was determined using FITC Annexin Apoptosis Detection Kit II (BD Biosciences, San Diego, CA, USA), and cell cycle analysis was performed using Cell Cycle Staining Kit (MultiSciences, Hangzhou, China) on a flow cytometry (FACSCalibur; BD Biosciences) according to the manufacturer's protocols.
In vivo studies C57BL/6 mice (6-8 weeks old/20-25 g bodyweight) were purchased from Laboratory Animal Centre of Wenzhou Medical University. Exponentially growing C1498 cells (1 9 10 7 ) were suspended in 100 ll PBS, and then subcutaneously injected into the tail vein of recipient mice, which had been already exposed to 4 Gy myeloablative irradiation 4 hrs before. On day 7, mice were randomly divided into four groups, with 15 animals each group. The treatment groups were injected intraperitoneally with matrine (50 mg/kg) or chloroquine (30 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) or both drugs on alternative days, respectively, while the vehicle group was given saline. Five mice from each group were killed on day 28. The spleen and femur were dissected out for immunohistochemistry (IHC) analysis. The spleen was weighed by an electronic balance (MS105DU; Mettler Toledo, Bradford, MA, USA). Bone marrow mononuclear cells were isolated from femur and tibia of C57BL/6 mice and lysed immediately for Western blot analysis. The peripheral blood and bone marrow smears were air-dried and stained with Wright's stain, and the immature leucocytes were counted under a microscope (BX51; Olympus). Remaining 10 mice from each group were observed 50 days for survival rates. Animal procedures were carried out in accordance with institutional guidelines after 
Immunohistochemistry analysis
Spleen and femur bones were dissected out and fixed with 10% paraformaldehyde and embedded in paraffin. Sections were deparaffinized and incubated with antibodies against LC3 II and SQSTM1/p62 (Cell Signaling Technology) followed by visualization with the one-step polymer detection system (ZSGB-bio company, Beijing, China). To visualize the expression of SQSTM1/p62 and LC3 II, images of bone and spleen were captured using a microscope with CCD. To quantify the level of SQSTM1/p62 and LC3 II, the integrated optical density (IOD) of different regions of the spleen and bone was measured automatically using Image-Pro Plus software (Media Cybernetics, Silver Spring, MD, USA).
Statistical analysis
Data presented as mean AE S.E.M. were representative of at least three independent experiments. Statistical analyses were performed by one-way analysis of variance (ANOVA). P values less than 0.05 were considered statistically significant.
Results
Matrine induces growth inhibition in AML cells
Firstly, the short-term inhibitory effect of matrine was determined on AML cell lines HL-60, THP-1, C1498 and primary AML cells using CCK-8 assay. We had demonstrated that matrine significantly reduced the cell viabilities of HL-60 cells and primary AML cells in a time-and dose-dependent manner in our previous study [13] , and this phenomenon was also found on THP-1 and C1498 cells (Fig. 1A) . Furthermore, we measured long-term growth inhibitory effect using colony formation assay. After 8 days of incubation, matrine at 1.5 g/l markedly inhibited colony formation characterized by small colony size in AML cell lines HL-60, THP-1 and C1498 (Fig. 1B and C) . Both colony number and total cell number were significantly reduced by matrine in all three AML cell lines tested (Fig. 1C) . Meanwhile, we used daunorubicin, a classic chemotherapeutic drug for AML, as a positive control, and surprisingly, the effect of matrine on AML cells was more obvious than that of 100 nM daunorubicin (Fig. S1 ). These data further confirmed that matrine potently inhibits cell growth and colony formation in AML cells.
Matrine induces autophagy in AML cells
Matrine has been demonstrated to induce apoptosis in AML cells [13] . The fact that apoptosis often occurs simultaneously with autophagy in the same cell interested us to investigate whether autophagy is also involved in anti-AML effect of matrine. Firstly, we investigated the levels of SQSTM1/p62 and LC3 II, which are two key proteins in autophagy regulation after treatment with matrine for 24 hrs. As shown in Figure 2A , the accumulation of LC3 II and down-regulation of SQSTM1/p62 were observed in AML cells, indicating that matrine induced autophagic flux in a dose-dependent manner. To further confirm whether matrine induces autophagy in AML cells, an autophagy inhibitor Baf A1, the lysosomotropic agent that inhibits lysosomal degradation of autophagosome, was employed. Inhibition of autophagy at an early stage results in decreased production of LC3 II, but inhibition of autophagic flux at a late stage using Baf A1 or chloroquine leads to increased levels of LC3 II [19] . As expected, when combined with Baf A1, the matrineinduced attenuation of SQSTM1/p62 was partly reversed with the level of LC3 II still gradually increasing, revealing that Baf A1 delayed the matrine-induced autophagy (Fig. 2B) . In contrast, an autophagy inducer rapamycin promoted matrine-induced autophagy as the level of SQSTM1/p62 decreased, whereas the level of LC3 II increased (Fig. 2C) . Thus, autophagy indeed occurred in matrinetreated AML cells. Subsequently, we investigated the role of autophagy in anti-AML effects of matrine. As shown in Figure 2D , Baf A1 blocked the cell growth inhibition induced by matrine, while rapamycin cooperated with matrine to reduce cell viability at 24 hrs after exposure. However, Baf A1 almost did not influence the colony formation of HL-60 cells treated by matrine (Fig. S2) . These findings strongly suggest that autophagy is induced in AML cells after matrine treatment.
Matrine induces caspase-dependent apoptosis, following cell cycle arrest
We next determined whether matrine was cytostatic or cytotoxic against AML cells. As shown in Figure 3A , matrine treatment dramatically promoted apoptosis in a dose-dependent manner, especially above 1.5 g/l. And the cleavages of caspase-3 and PARP were determined to further assess apoptosis. As shown in Figure 3B , cleaved caspase-3 and cleaved PARP both increased as the concentration levels rose, especially above 1.5 g/l. z-VAD-FMK, a pan-caspase inhibitor, was also employed to evaluate whether apoptosis alone determined the cell fate. When only treated for 24 hrs, z-VAD-FMK moderately reduced the cytotoxicity of matrine against AML cells (Fig. 2D) . However, at 8 days after cotreatment with matrine using the colony formation assay, z-VAD-FMK made little effort to rescue the matrine-treated HL-60 cells (Fig. S2) . Additionally, cell cycle distribution was performed and the results showed that matrine led to an increase in G1 phase with diminished S phase in AML cells, suggesting that matrine is able to induce G1 arrest to decelerate the cell cycle and prevent the cells from entering the S phase and proliferating (Fig. 3C) . These results reveal that besides autophagy activation, matrine also causes apoptosis in a dose-dependent way.
Autophagy promoted by matrine potentiates apoptotic effect in AML cells
Once proved, autophagy and apoptosis were both involved in matrine-treated AML cells, the underlying relationship aroused our curiosity. First of all, we tested the apoptosis rate when the autophagy was inhibited or induced. As described before, Baf A1 and rapamycin were employed. Apoptosis assay manifested that Baf A1 or rapamycin alone did not induce apoptosis in AML cells. Baf A1 potently inhibited matrine-induced apoptosis, while rapamycin dramatically promoted matrine-induced apoptosis ( Fig. 4A and Fig. S3) . Furthermore, the levels of cleaved caspase-3 and PARP under the same condition were analysed. After co-incubation with Baf A1, matrine-induced cleavages of caspase-3 and PARP were both reduced (Fig. 4B) . Rapamycin treatment alone slightly increased the levels of cleaved caspase-3 and cleaved PARP. However, cotreatment with rapamycin and matrine for 24 hrs, all AML cells exhibited an evidently higher level of cleaved caspase-3 and PARP (Fig. 4C) . Finally, cell cycle distribution illustrated that rapamycin exaggerated the ability of matrine to arrest AML cells at G1 phase and stopped them from entering S phase. Surprisingly, the effect of Baf A1 at G1 and S phase was similar to rapamycin (Fig. 4D) . These data reveal that matrine and rapamycin exert synergistic effect to enhance apoptosis, and matrine combined with Baf A1 has an opposite effect.
Akt/mTOR signalling pathway is involved in matrine-induced autophagy in AML cells
Akt/mTOR signalling pathway is involved in various physiological processes, including metabolism, cell growth, proliferation, differentiation, apoptosis and autophagy [20] . To confirm whether the Akt/ mTOR signalling pathway is related to matrine-induced autophagy, we evaluated the level of phosphorylated Akt, mTOR and two downstream substrates named p70S6K and 4EBP1. As shown in Figure 5A and B, matrine significantly inhibited the phosphorylation of Akt, mTOR, p70S6K and 4EBP1 in a dose-dependent manner in AML cell lines HL-60, THP-1 and C1498 as well as primary AML cells. These findings manifest that matrine negatively regulates the phosphorylation of Akt/mTOR signalling pathway to promote autophagy. Fig. 4 Autophagy promoted by matrine potentiates apoptotic effect in AML cells. AML cells were treated with 1.5 g/l matrine, either alone or in combination with 10 nM Baf A1 or 20 nM rapamycin (Rapa) for 24 hrs, and subsequently stained with Annexin V/PI for flow cytometry analysis (A) or determined for the cleavage of PARP and caspase-3 using Western blot analysis (B -C), or stained with PI to analyse the cell cycle using flow cytometry, and the percentage of cells in different phases was presented in bar charts (D). Results were expressed as mean AE S.E.M. representing at least three independent experiments. *P < 0.05, versus matrine alone group.
Matrine-induced autophagy alleviates AML burden in vivo
We established an AML model in C57BL/6 mice to investigate the role of autophagy in vivo. After myeloablative irradiation, C1498 cells were injected via tail vein, following intraperitoneal administration of matrine alone or with chloroquine every other day (Fig. 6A) . Chloroquine, similarly to Baf A1, is an autophagy inhibitor blocking autophagy flux at late stage. The levels of SQSTM1/p62 and LC3 II in bone and spleen were determined by IHC,and the results indicated autophagy was promoted in matrine group, and blocked by chloroquine ( Fig. 6B and C) . Wright's staining showed that the percentage of immature leucocyte cells decreased in matrine group, both in peripheral blood and bone marrow compared with chloroquine group, suggesting that matrine-reduced AML tumour burden is associated with autophagy induction (Fig. 6D and E) . A reduction in spleen weight was also found in matrine-treated group (Fig. 6F) , further indicating the AML infiltration was alleviated. Matrine down-regulated the level of SQSTM1/p62, accompanied by the up-regulation of LC3 II and cleaved caspase-3 in bone marrow mononuclear cells in matrine group (Fig. 6G) . Kaplan-Meier survival curves showed that treatment of mice with matrine significantly decreased the mortality rate compared with mice that received vehicle (P < 0.01; Fig. 6H ). Chloroquine treatment alone did not significantly affect the survival rates of mice challenged with C1498 cells. In combination with matrine, chloroquine had a slight, but not significant, effect on the survival time of mice challenged with C1498 cells compared with mice that received matrine alone (P = 0.053; Fig. 6H ). These results indicated that the elevated autophagy level is at least partially related to the antileukaemic effect of matrine in vivo, which might be another highlight on AML therapy.
Discussion
As a neoplastic blood disease with a 5-year overall survival of only 3 to 8% in patients over 60 years old, the prognosis of AML remains dismal [21] . Recent studies have indicated that regulators of apoptosis are recognized as novel therapeutic targets in AML [22, 23] . A large group of natural compounds are proved to exert anticancer activity through apoptosis pathway [24] . Multiple studies have demonstrated that matrine can induce apoptosis against many solid tumours and haematological malignancies [12] [13] [14] .
Besides apoptosis, or type I programmed cell death (PCD), whether matrine-induced autophagy, or type II PCD, jointly decides the fate of AML cells remains unobvious [25] . To date, the precise role of autophagy in AML and whether matrine inhibits or promotes autophagy are controversial [16, 17, 26, 27] . In our present study, matrine induced autophagy, characterized by up-regulation of LC3 II and down-regulation of SQSTM1/p62 in AML cells. Autophagy inhibitor Baf A1 and autophagy inducer rapamycin were used to further confirm the existence of autophagy induced by matrine. Matrineinduced autophagy exerted a cytotoxicity rather than cytoprotection effect as rapamycin accelerated while Baf A1 relieved the inhibitory effect of matrine. In general, matrine-induced autophagy increases cell death of AML cells.
The relationship between autophagy and apoptosis is complex [28] . In some circumstances, autophagy potentiates the apoptotic effect in AML [29] , but others diametrically opposed [30] . The underlying mechanisms refer to cell types, phase, genetic background and microenvironment [31] . In the present study, AML cells treated by matrine underwent cell cycle arrest and consequently succumbed to apoptosis when the cleavage levels of caspase-3 and PARP increased in a dosedependent way. Further, Baf A1 decreased while rapamycin increased (G) The levels of SQSTM1/p62, LC3 II and cleaved caspase-3 in bone marrow mononuclear cells were determined using Western blot analysis. (H) Kaplan-Meier curves for survival were assessed for 10 mice per group, and the long-rank test was used to evaluate the statistical differences in survival. Results were expressed as mean AE S.E.M., and images shown were representatives of at least three independent experiments. *P < 0.05, #P < 0.01, versus matrine alone group. apoptosis in matrine-treated AML cells. Additionally, we noticed that Baf A1 rescued matrine-treated AML cells from apoptosis, whereas it still blocked the cell cycle in G1 phase. Baf A1 has been reported to induce apoptosis followed by cell cycle arrest [32, 33] . However, our data suggested that even AML cells survive from low-dose Baf A1, the retardation effect has already began to affect the cell cycle.
The blockage of Akt/mTOR signalling pathway plays a critical role in regulating autophagy [34, 35] . Targeting mTOR has been proved to be effective for leukaemia therapy [36] . The inactivation of the phosphorylation of Akt, mTOR and their downstream substances, p70S6K and 4EBP1, were found in matrine-treated AML cells. Thus, matrinerelated autophagy might potentially reduce the drug resistance in AML.
To understand the functional role of matrine in the regulation of autophagy in vivo, we carried it out on C57BL/6 leukaemia mice via intraperitoneal injection of matrine. Although several studies have shown that matrine inhibits the growth of multiple tumour cells in vivo [12, 13, 37] , the role of autophagy remains unobvious in matrine-treated haematological tumour. In the present study, chloroquine, an autophagic inhibitor preventing autophagosomal fusion with the lysosome [38] , was introduced to determine the autophagic role of matrine. The results of LC3 II and SQSTM1/p62 in Western blot analysis and IHC analysis revealed that matrine promoted intra-and extramedullary autophagy, along with apoptosis. Furthermore, we found the percentage of immature leucocyte cells in peripheral blood and bone marrow decreased in matrine-treated group, indicating that the tumour burden is reduced. Moreover, the losses of weight in matrine-treated leukaemic spleen further verified that matrine could alleviate the infiltration. Matrine significantly prolonged the survival time in the murine model transplanted with C1498 cells. There was not a significant difference between chloroquine plus matrine group and matrine alone group during the 50-day observation period. We think that chloroquine treatment can shorten the survival time of mice treated with matrine as the observation time increases. Therefore, the effects reversed by the addition of chloroquine suggested that promoting autophagy did make sense in cancer therapy in AML.
In conclusion, our present study has demonstrated that matrine induces autophagy and apoptosis in AML in vitro and in vivo, and matrine-induced apoptosis partially results from autophagy. Additionally, Akt/mTOR pathway is involved in autophagy of matrine-treated AML cells. It is highlighted that the autophagic promotion of matrine might be a promising therapeutic strategy for AML.
Figure S1
After incubated with matrine (1.5 g/l) or daunorubicin (100 nM), the cell viability of AML cell lines HL-60, THP-1, C1498 and primary AML cells was measured by CCK-8 assay. *P < 0.05, #P < 0.01, versus the respective control. Figure S2 (A) The morphological changes of colonies were observed under a microscopy in HL-60 cells treated with 1.5 g/l matrine, 10 nM Baf A1, or 10 lM z-VAD-FMK for 8 days. Images shown were representatives of at least three independent experiments. (B) Quantitative data of colony and cell number were presented in bar charts. Results were expressed as mean AE S.E.M. representing at least three independent experiments. *P < 0.05, #P < 0.01, versus the respective control. Figure S3 AML cell lines HL-60, THP-1, and C1498 as well as primary AML cells were treated with 1.5 g/l matrine, either alone or in combination with 10 nM Baf A1 or 20 nM rapamycin (Rapa) for 24 hrs, and subsequently stained with Annexin V/PI for flow cytometry analysis. The percentage of apoptosis was presented in bar charts. Results were expressed as mean AE S.E.M. representing at least three independent experiments. *P < 0.05, versus matrine alone group.
Table S1
Characteristics of patients with acute myeloid leukemia.
